Aim: Quadripolar lead technology and multi-point pacing (MPP) are important clinical adjuncts in cardiac resynchronization therapy (CRT) pacing aimed at reducing the rate of non-response to therapy. Mixed results have been achieved using MPP and it is critical to identify which patients require this approach and how to configure their MPP stimulation, in order to achieve optimal electrical resynchronization.
2. Global Biventricular Total Activation Time (VVtat): a measurement of the total time required for both ventricles to activate.
Previously described as VVTAT. Given the primary objective of CRT is to restore regional activation synchrony, we defined the optimal activation pattern as that which achieved the most effective degree biventricular resynchronization whilst simultaneously minimizing both biventricular and LV activation times. Electrical synchrony is specifically assessed by VVsync, where a figure of 0 represents identical LV and RV activation time. 13 As such, the optimal pacing figuration was that which achieved a VVsync approaching 0, whilst also minimizing LV and BiV activation times.
Global Left Ventricular Total
Epicardial voltage maps were also collected, in order to identify any areas of low voltage which may indicate areas of myocardial scar and fibrosis. Where possible, these were correlated against CMR data, see Figure 1 .
| Device optimisation
The patient's baseline presenting rhythm--either intrinsic sinus rhythm or RV paced rhythm--was first analyzed using directional activation maps. 12 Subsequently, mapping was undertaken using Next, an echo guided iterative approach to device optimization was employed. The AV interval was optimized according to the maximal improvement in LV diastolic filling. An AV interval of 200 ms was first programmed followed by decrements of 20 ms until 60 ms.
The VV offset was optimized according to the maximal improvement in aortic pulsed-wave Doppler velocity time integral, as previously described. 14, 15 Pacing with the LV 60 ms ahead of the RV (+LV60) was initially programmed followed by +LV40, +LV30, +LV20, +LV15, simultaneous LV and RV pacing (sim), RV ahead by 20 ms (+RV20), +RV40, RV only pacing, and LV only pacing.
Once the optimal AV and VV intervals had been established and programmed, differing MPP settings were then acutely programmed.
During each configuration, a non-invasive electro-anatomical mapping was obtained. The SJM CRT toolkit™ (St. Jude Medical Inc.) was used to identify the RV-paced to LV-sensed timings for each of the poles on the quadripolar lead. MPP was then programmed to pace the pole with the longest delay first and the pole with the shortest delay second. The right ventricular lead was always paced last. We delivered MPP with 5, 10, and 20 ms delays between each stimulus using both a local bipole configuration-distal (D1) to mid 2 (M2) and proximal (P4), and an extended bipole configuration-D1 to RV coil and P4 to RV coil. This resulted in our testing 6 MPP settings per patient; 3 local and 3 extended bipole. In order to test the different MPP vectors for capture threshold and phrenic nerve stimulation, a number of standard biventricular recordings were also performed which served as comparators for individual patients.
| RE SULTS

| Patient characteristics
A total of five patients were enrolled in the study.
| Body surface mapping
The effect of changing AV delays, VV delays, the LV pacing vector, and finally the addition of MPP are shown in Table 1 . In no patient did a single form of optimization provide the best electrical response.
The mean electrical response using each strategy is shown in Table 1 .
Epicardial voltage mapping showed the presence of scar in all of the ischemic patients which corresponded to LGE on MRI in the 3 cases where MRI was performed, see Figure 1 . MPP had divergent effects on electrical activation in different patients that are described below.
| Case 1
Age 62 
Sex
| Case 2
Age 50
Rhythm SR
QRS morphology LBBB QRS width 176
PR interval 218
MRI demonstrated extensive thinning and scarring of the lateral wall. This was also displayed on the epicardial voltage map. CRT was performed with the LV lead inserted out of scar in an apical position.
| Electrical effect of MPP
In this patient with extensive lateral scar, intrinsic activation was again characterized by typical LBBB propagation with delayed lateral LV wall activation (see Figure 3 ). Despite this patient having a broad QRS, 
ECGi analysis of the intrinsic rhythm confirms activation is again delayed in the lateral LV wall (see Figure 5) . The patient had long-standing AF and had undergone implantation of a VVI pacing system in conjunction with an AV junction ablation.
Baseline activation in this case demonstrates the pattern of activation typically associated with RV apical pacing (see Figure 6 ). The dark blue isoch- 
| D ISCUSS I ON
Our series demonstrates that non-invasive mapping technology is able to accurately delineate the divergent electrical effects of programming optimization. Evaluation of the 12 lead ECG alone during biventricular pacing is frequently challenging due to the merging wave fronts 16 and provides only a general overview of ventricular electrical activation.
11 ECGi activation maps were clearly able to discern changes in bulk LV activation during differing MPP programming. In addition,
voltage mapping was able to delineate areas of fibrotic tissue with showed good correlation with areas of scar defined using LGE CMR.
Some degree of discrepancy between these modalities was expected as CMR can struggle to detect areas of homogenous microscopic diffuse fibrosis due to the low resolution of the image. In addition, ECGi is more sensitive at detecting zones of epicardial and transmural fibrosis but may not always be able to detect sub-endocardial scar.
CRT delivered with nominal settings always proved superior to baseline activation and this improvement may explain why the majority of patients who receive CRT improve, without undergoing programming optimization. In three of our cohorts, the degree of biventricular resynchronization was further enhanced with iterative echo guided optimization of the AV and VV intervals. Whilst there is evidence to support this strategy, 14, 15, 17 larger studies have failed to consistently prove it's efficacy. 18, 19 Our results would suggest that optimization of the AV and VV intervals may indeed result in more effective resynchronization than can be achieved using nominal settings in a proportion of patients, but not all. This may go some way to explaining the equivocal data surrounding AV/VV programming optimization. Crucially, ECGi was able to detect subtle changes in activation during AV & VV programming optimization.
The effects of utilizing MPP were idiosyncratic and highly patient 
| LI M ITATI O N S
This is a small study and the results are hypothesis generating rather than conclusive. Our primary objective was to analyze how myocardial activation varied during device programming optimization and whether non-invasive body surface mapping technology might be capable of identifying these changes in activation. Our hypothesis did not extend to evaluating rates of response to CRT and given the small number of patients, it would be impossible to draw reliable conclusions. Instead, non-invasive electrical measurements were analyzed acutely and it is unclear whether these results can be extrapolated to the chronic delivery of CRT. Biventricular pacing which improves the degree of biventricular electrical resynchronization has been associated greater response. 11, [24] [25] [26] However, non-response to CRT is a multifactorial issue requiring a comprehensive assessment of the various pre-implant, peri-implant, and post implant factors. 27 As such, improvement in clinical status is not a direct corollary of programming optimization even when this yields a superior degree of electrical resynchronization.
F I G U R E 6 Electrocardiographic activation metrics and directional activation maps during device optimization of Patient 5
